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Fine-structure spectrum of the FO radical, observed by far-infrared laser
magnetic resonance
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The fine-structure transitiofl1,,,— 2115, of the free radical FO has been detected by far-infrared
laser magnetic resonance. All the observed transitions are magnetic dipole in character. The spin—
orbit constantA, has been determined experimentally; its value-df96.108 68650) cm™? is
consistent with previous estimates. The analysis of a set of 290 transitions leads to the determination
of a number of molecular parameters including rotational, centrifugal distortion, spin—orbit,
lambda-doubling, magnetic hyperfine, and Zeeman terms. All four magnetic hyperfine structure
constantsa, bg, ¢, dfor the *°F nucleus have been determined and are discussed in terms of the
expectation values of the appropriate operators over the electronic wave functioda99®
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INTRODUCTION direct detection of the fine-structure transititi ;,— *I15,
in the far-infrared region. This is the aim of the present work.
The first experimental detection of the FO radical wasThe LMR technique was chosen because of its high sensitiv-
made by McKellat in 1979 through the observation of its ity and its ability to discriminate between open-shell and
infrared spectrum. He recorded the fundamental vibration-elosed-shell molecules, which are usually present in much
rotation band associated with the lower spin componenhigher amounts; also, the only intense sources in the far-
2114, by CO,-laser magnetic resonandeMR) spectroscopy infrared (FIR) region are fixed-frequency lasers. In a Hund's
and determined the band origin,, the rotational constant case(a) limit, the fine-structure transition is electric dipole
By, the centrifugal distortion correctioB,, the hyperfine forbidden but magnetic dipole allowed and hence it is ex-
parametemh;,=a-+ 3(b+c), the vibrational differences, pected to be three or four orders of magnitude weaker than a
—Bg, hy—hg, and the spin—orbit constait,. Since the normal, electric dipole allowed transition. On the other hand,
observations were confined to tifie=3/2 spin component, Brown, Cole, and Honeyjn their work on the fine-structure
A, could not be determined directly, and in fact the reportedspectrum of NO, pointed out that magnetic dipole allowed
value of —177.357) cm ! was not very accurate. Subse- transitions were about 18 times stronger than electric dipole
quently, the same vibrational band was reinvestigated by diforbidden transitions. The same ratio is 20 for $eird 140
ode laser spectroscopyeading to a better determination of for BrO;’ it depends on the magnitude of the electric dipole
By, By, Dy, D4 because it was now possible to study FO inmoment and the spin—orbit splitting.
both spin components. Burkholderet al® have also considered the production
Burkholder et al2 recorded the 1-0 and 2—0 bands in of FO by the reaction between F atoms and ozone and em-
both 215, andI1,,, spin components by Fourier transform phasized that, in the presence of excess ozone, there is no net
IR spectroscopy. In 1988 the same infrared bands and a nuniess of FO radicals. FO is produced by the reaction
ber of Av=1,2,3 bands were recorded in a Fourier transform
emission experiment by Hammet al? The set of reported F+0;—FO+0, @
data was fitted to an effective Hamiltonian which includedand destroyed by the reaction
rotational, centrifugal distortion, spin—orbit, and lambda-
doubling terms. Nuclear hyperfine structure was not re- FO+FO—=2F+0,. 2

. _1 .
solved.Ao was estimated to be-198.367) cm ™ in Ref. 3 Thus two F atoms are produced in the latter process and

_ 71 . . . . .
and —193.2897) cm ~ in Ref. 4, still indirectly and subject 5, yoact with further ozone molecules, thereby regenerating
to quite a large uncertainty. As pointed out by the authors ofyq g radical. This was confirmed in our experiments where
Ref. .4, the comparison o_f all the aval|lable experimental dey, o gpserved a surprisingly long lifetime of the sigitaée
terminations and theoretical calculations suggested Agat e gyperimental sectignThese considerations and the high
could lie between—180 and—200 cm~; that is t0 say, @ jnyrinsic sensitivity of LMR gave us confidence in our ap-
major parameter of FO was still very poorly determined.  yroach 1o the experiment, despite the expected low intensity
The best way to measure the spin—orbit splitting is theys 10 magnetic dipole transitions.
No pure rotational or electron paramagnetic resonance
3Electronic mail: jmb@physchem.ox.ac.uk spectra of FO have been reported in the literature. McKellar
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combined LMR spectroscopy and Stark spectroscopy to
demonstrate that the electric dipole moment of FO is
0.00434) D for the v=0 level and 0.026(B) D for v=1.
The exceptionally small value gi has therefore precluded
any detection of rotational spectra so far but the strong varia-
tion of u with the vibrational excitation makes the infrared | .\.‘_
spectra relatively easy to observe. This is supported by the-
oretical calculations by Langhoff, Bauschlicher, and
Partridge’ Their predictions foru,_o (—0.0089 D with the
negative end on the F atorand u,-; (—0.0318 D show
quite good agreement with McKellar's experimental values.
The computed curve of the dipole moment as a function of
the internuclear distance shows a steep slope for bond
lengths less than 0.16 nm, confirming the large change of
passing fromy =0 tov=1.

In the present paper, we report the successful detection
of magnetic dipole, fine-structure transitions of the FO radi- 1 , .
cal in thev=0 level of theX 21 state. The measurements |
are more accurate than any which precede it and allow,
among other things, the first direct determination of the
spin—orbit coupling constant and of all four magnetic nuclear
hyperfine parameters.

3

EXPERIMENTAL DETAILS 7bO 14100 2100

The far-infrared spectrometer used for the experiment Flux density/mT

; 1
has been described eIsewhé‘feVery recentl)} some FIG. 1. Experimentalthe upper trageand simulatedthe lower tracgfar-

. 1\ o
. . s |n¥rared laser magnetic resonance spectrum oR{%5) fine-structure tran-
has been raised to 40 kHz to Improve the sensitivity and th@ition of FO observed at 209.819 231 thin perpendicular polarization

diameter of the pump tube has been reduced in order to proam,=+1).

duce better performance of the laser at wavelengths shorter

than 100um. This has been proved to be particularly impor-

tant for our experiment since the fine structure transitions 0D;, even in the absence of further F atoms. The interesting

FO are around 5Qum. The detector used was a liquid- result is that, if the microwave discharge is switched off and

helium-cooled gallium—germanium photoconductor. the flow of ozone is maintained, the signal is maintained for
FO was produced by reacting F atoms with. @he F  a few minutes. This is not due to a very long lifetime of FO

atoms were generated by flowing a 10%if He mixture but to the regeneration of fluorine atoms by the reaction of

through a microwave discharge. Ozone was introduced inttwo FO molecules. Signals of lower intensity were also ob-

the cell by flowing He over silica gel, on which ozone was served reacting F atom@2.7 Pa 10% F/He) with O, (100

adsorbed. The gsilica gel trap was placed in an ethanol- P3.

dry ice bath to regulate the amount of @vaporated. The The spectra were recorded onxanplotter as a function

best signals were observed with 24 80 mTory of F,/He  of the magnetic flux density. Since-1f detection with mag-

and 9.3 P470 mTorp of Oz/He. As described in the Intro- netic modulation was employed, the first derivative of the

duction, the production of FO was sustained by an excess @bsorption profile was observed. Figure 1 shows a long sur-

TABLE I. FIR laser lines used to record LMR spectra for FO.

CO, laser liné  Laser gas  Wavelengthm Frequency/MHz Assigned FO transitions
10R(46) CH,OH 52.004 5764 826.7 P(Z%)
10R(56) CD,OH 51.478 5 823 6609 P(l%)
10R(20) CD,OH 50.629 5921 370%4 Q(l%)| Q(Z%)
10R(24) CD,OH 49.973 5999 028*8 Q(ll%), Q(12%), Q(13%), Q(14%)
10R(52) CH,OH 49.694 603281118 15y, Q(16), Q(174)
9P(12) 1%CH;0H 49.455 60619148 173y, Q(18Y), Q(19%), Q(202)
9R(6) CD;OH 48.721 6 153 27970 R(Z%)
9R(8) CH;OD 47.660 6 290 222*3 R(4%)
9P(10) CH;OH 46.165 6 493911.5 R(7%)

aReference 28. The lines marked with an asterisk have been frequency measured for this work.

Downloaded 18 Sep 2001 to 132.163.136.56. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 110, No. 15, 15 April 1999 Tamassia, Brown, and Evenson 7275

(F=1, Mp=1ye (M;=3, M;=3) typical spectra are shown in Figs. 1-3. We have recorded

and assigned 290 lines corresponding to 17 rotational transi-
tions with J ranging from3 to 205. All the observed reso-

; - Yo nances are magnetic dipole in origin. The spectrum of the

) (J=183, F=19, Mg=—19,-)«(J=18;, M;=—3 M,

) =—32 —) transition showed a Lamb dip, at low pressure

“ and modulation amplitude, which indicates that the signals

are strong enough to reach saturation and also that there is no

3 1
(F=1, Me=0)<(M =3, M;=-3)

: 1
3 1 .
(F=0, M=0)=({M =3, M=3) :
| 1
1

V(:)J underlying structure in the Doppler profilsee Fig. 4 No
[‘J rw [ — evidence for FO in vibrationally excited states has been
found and all of the recorded lines have been assigned to
fine-structure transitions in=0.
By comparison of our spectra with the LMR spectra re-
ported by Mizushima, Evenson, and Wéfls their work on
the corresponding fine-structure transition of NO, we identi-
fied the differentQ branches of our spectrum and obtained a
rough idea of the value ad. Using the parameters of FO
already known from literatufé and hyperfine constants
scaled from the corresponding parameters oftg highd
Q branch was tentatively assignefl; was changed step by
AVJ step in order to match the calculated pattern with the experi-
[ mental pattern. Once the first transition was identified, the
spectroscopic constants were refined and new predictions
made. The analysis of the spectra was lengthy and elaborate
because of our ignorance of some basic parameters and the
unusual Zeeman patterhsyhich arise from the different
. | . | . | nuclear spin coupling schemes in the upper and lower levels.
1500 1550 1600 For a molecule in &11 state there are two possible val-
Flux density/mT ues, 3/2 and 1/2, for magnitude of the projecti@nof the
angular momenturd on the internuclear axis. The two spin

A Ny components?I1,, and?I1,,,, show very different behavior
infrared laser magnetic resonance spectrum oPfie5) fine-structure tran-  ; o
sition of FO observed at 194.256 417 c¢hin perpendicular polarization in the presence of an external magnetic field. For a molecule

(AM;==1). Note the complicated hyperfine structure because of the dif—WhICh conforms clgfely to Huncj;s, Ca@_COUp“ng’ such as
ference in coupling schemes in the lower and upper states. FO (Ag=—196cn1 ", By=1cm -) the first-order Zeeman
contribution to the total energy is given by

FIG. 2. Experimentalthe upper traceand simulatedthe lower tracgfar-

vey scan of theR(43) transition. The spectra have been re- Ezee=0sueBM;, )

corded in both parallel&,|IBo) and perpendicular,1 Bo)  whereg; is theg factor for the rotational level, ug is the
polarizations. Typical measurement scans covered 40 mgghr magnetonB is the magnetic flux density, arM ; is the

and were performed back and forth to correct shifts due tgyojection ofJ on the laboratory-fixed axis. Theg factor is
the time constant. The magnet was periodically calibrate@iven by

with a NMR gaussmeter: the overall fractional uncertainty is

+1x10* above 0.1 T and+1x10 ° below 0.1 T. We (A+3)(A+gs)

estimate an experimental uncertainty-p2x 10 4T for an 9= J(J+1) ’ )
individual resonance.

We used nine FIR laser lines to make our observationgvhereA and are, respectively, the projections bfand S
(see Table) and seven of their frequencies have been meafn the internuclear axis. According to E@) g, is nearly
sured for the first time in this experiment. Their frequencyZero for the’Il,, state, while it is nonvanishing for ttél 5,
was determined by measuring the beat frequency when thfate; in other words, thé&fI,, state is essentially diamag-
FIR radiation was mixed with the radiation from two Netic. As aresult, the energy level patterns for the two types
frequency-stab”ized CQ|aserS in a metal—insulator—metal of state in a magnetic field are Considerably different. In Flg
(MIM) diode’? 5 the energy level diagram for tie(13) transition at a flux
density of 1.5 T is given.

For the lower stateJ= 3/2) the interaction with a mag-
netic field produces fouM; components, 3/2, 1/2;-1/2,

Nine laser lines, listed in Table I, have been used to—3/2, spread over 1.7 cm. EachM level is in turn split
record all of the spectra reported in this paper. The totalnto two levels by magnetic hyperfine interactiok € 1/2)
range explored is about 24 ¢rhand covers part of the, Q. and a further two by lambda-doubling effects. The finer split-
andR branches of the fine-structure transition. Examples otings between these four sublevels cannot be appreciated on

RESULTS AND ANALYSIS
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1600 2000
Flux density/mT

FIG. 3. Experimental far-infrared laser magnetic resonance spectrum of the

Q(15%), Q(163), Q(173) transitions of FO observed at 201.232 924 ¢m
in parallel polarization M ;=0). The measured lines are identified as

follows: C—Q(153). , A—Q(15%)_, O—Q(163). , ®—Q(163)_,
*—Q(173)- .

the scale of the diagram, being much smaller than the sepa- ,/

ration between theéM; components. In this situation the
nuclear spinl is decoupled fromJ so thatJ,M;,l,M, and
the parity are all good quantum numbers. For the upper

Tamassia, Brown, and Evenson

L ]
1856 189.6
Flux density/mT

FIG. 4. A spectrum of theX=185, F=19,Mg=—19,—)« (J=185 M,
=- % M;= 7%,7) transition of FO observed at 202.203 713 ¢nin
parallel polarization 4 M ;=0) showing a single Lamb dip. Total pressure
22 Pa(165 mTorp, scan time 5 min, time constant 1 s, sensitivity 100,
modulation 0.1 mT.

=1/2 state in the same field, the Zeeman levels are spreac |

over a much narrower range of ener.036 cm?) and

there is no clear magnetic structure. In this case the nuclear .

spin remains coupled and orfiy(F=J+1), its projection on

the field axisM g and the parity are good quantum numbers.
The J=1/2 eigenfunctions in the coupled representation can
be expressed as a linear combination of the decoupled basi:

set|[JM,IM,) and, in the specific case of tH&(13) transi-
tion in FO they are, neglecting andl:

LM 1)= M= M= ),
[F=1,Mg=0,—)=0.73§M,= —{,M,={,—)
+0.671M,=1M,=—1 ),
[F=LMe=1-)=IMy=4M,=4 ),
IF=1,M=0,+)=0.609M,= — }
+0.792M;=3,
[F=1,Meg=1+)=[M;=3M;=3+),
[F=1,Mg=—1,4)=[M;=—3M;=—3+),
IF=0,Mg=0,—)=—0.671M,=—1
+0.738M,=1M,=—1 ),

z
I
i
I

|[F=0,Mg=0,+)=—-0.792M,= — 1, M =% +)
+0609MJ:%,M|

—2+),

A
102.0F
—— = F=1 Mg =-1
101.0} S F=1 M=
ST T Rt M=
2 ’
My /
K S + F=1 MF=
- T + F=1 M=
100.0 s F=1 Mg=-1 F
J=1/2 \ —— - F=0 Mg=
' : + F=0 M =0
G 99.0
= A
=) ~
5 W
c
w
-94.0
M, =3/2 ——
, M,=1/2 —
-95.0F a2
My=-1/2 ——
J=3/2 —
L M=1/2 <] )
M, =-3/2 —
-96.01- e M=12 <] *

FIG. 5. Energy level diagram for tHé(l%) fine-structure transition of FO
calculated in a flux density of 1.5 T. For tREl, component, the fluorine
nuclear spin is decoupled and evaWy level is split into two levels by the
nuclear hyperfine interaction, each of which is further split by the effect of
lambda doubling. The four energy levels associated with each sigle
component are not visible on the present scale; an enlargement is shown for
M ;= —3/2. For the?Il,,, component, the nuclear spin remains coupled to
the overall rotational angular momentulnthe quantum numbeifs andM ¢
are therefore appropriate. The energy levels in g, component have

een expanded, since their separation is not visible on the present scale.

where the calculations have been made for a flux density q%ote that the level§F=1, M=0, +) and (F=1, Mg=1, +) are over-
1.5 T and use the molecular parameters in Table Ill. Theapped.
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P(13) transition is shown in Fig. 2, where the simulated lambda-doubling term andH g p its centrifugal distortion
spectrum is also given. The six peaks correspond to the tramorrection.Hy represents the magnetic hyperfine interaction

sitions:

(i) [F=0,Me=0,—)—|M;=3M;=—3-),
Bo=1489.17 mT,

(i) [F=LMg=1+4)[M;=3M=3+),
Bo=1501.60 mT,

(i) |F=1,Mp=0,4)—[M;={M=—4+),
not measured,

(iv) [F=0,Me=0+)—|My=3M;=—5+),
Bo=1528.97 mT,

(v) |F:1!MF:1’_>‘*|MJ:%MI:%’_>!
Bp=1545.84 mT,

(Vi) |[F=1,Me=0,—)—|M;=3M;==3-),
By=1571.73 mT.

Transitions(i), (iii ), (iv) and(vi) involve heavily mixed basis
functions and are in part forbidden because of the decoupl

selection ruleAM,=0.

As mentioned before, we cannot analyze the data i
terms of a single coupling scheme. We chose to calculate t
eigenvalues for the two spin components in the most appr

€

0_

Hamiltonian andH, is the Zeeman Hamiltonian.

The selection rules for LMR transitions atel=0, =1,
AM,=0,AM;=0, 1. If the laser magnetic fielbr electric
field in case of electric dipole transitions parallel to the
external magnetic field the selection rdé/l ;=0 applies. If
they are perpendiculakM ;= *1 holds. As pointed out by
Brown, Carrington, and Seatshe optimum polarization is
parallel forQ transitions and perpendicular f&andP tran-
sitions. This rule has been experimentally confirmed by our
spectra. Only for thdR(43), Q(13), andQ(23) transitions
have equally intense lines been detected in both parallel and
perpendicular polarizations.

The data have been analyzed using a linearized least-
squares procedure. Since the Zeeman effect mixes energy
levels with differentd according to the selection rul®J=
+1, a suitably truncated basis set for the matrix of the
Hamiltonian must be chosgAJ= =2 in our casgin order
to ensure that the calculations are accurate enodghwas
fixed to a calculated valuesee Ref. 1Y and pp+2qp was
constrained to the previous value determined in Ref. 3. The
observed lines are given in Table Il. For each rotational tran-
sjtion, identified by the usual notatidd(J), Q(J) or R(J),
the lower level is labeled by the quantum numbists and
M, , and the upper level bly andMg . The parity is defined

r:}or both levels, according to the selection rule for magnetic

&pole transitions+ < =. For each transition the laser fre-
quency, the differences observed—calculated from the fit, the

priate basis sets, thatlisdecoupled »A)|S2)|IM;Q)|IM )
for 2I15, and I-coupled| pA)|S2)|JIFM) for 2I1,,. The
set of data has been fitted with an effective Hamiltoridh
of the form

tuning rates, and the weights are also given. The tuning rate,
defined as the variation of the transition frequency with re-
spect to the magnetic flux densiBy, is in MHz/mT. We
chose to give a weight of 0.1 to the transitions with o—c
between 6 and 10 MHz and a weight of 0 to the transitions
with o—c greater than 10 MHz; virtually all these data points

Het=Hgom Hiott Hegt Hip+HegptHigs ™ Hz, )

where : e
corresponded to resonances at high magnetic fields where the
Heo=AoL,S,+ 2Ap[N?,L,S,] . , (6)  measurements are less accurate. The quality of tiiEdtle
2 ') is satisfactory and only a few lines, mostly partially over-
H,ot=BoN*, (7)

lapped or at high fields, have been given a lower weight. The
(8) standard deviation of the fit is 1.9 MHz, consistent with the
expected experimental uncertainty.
We fitted Ap and constrained to zero, but in principle
an equivalent fit can be made with the opposite choice. When
we tried such a calculation, we obtained a significant wors-
Heao= 3(Po+20p)[N2,e?¢S_J_+e 2¢S,3.1],, ening of the quality of the fit with a standard deviation of 3.0
(10 MHz. Since we are confident that our set of data is not af-
fected by severe systematic errors, this suggests that there are
may be other contributions from parameters not accounted
for in the effective Hamiltoniarisee Discussion and Conclu-
sions.

Heg= —DoN*+HNE,
Hio=3(p+20)(e”?S_J_+e S, J.)
—3q(e¥9)2 +e721937), 9

Hps=al,L,+b(1,S+ |y5y)+ (b+0)l,S,
+id(e ??1,S, +e??91_S.), 11
Hz=9gueBolz+9susBoSz— 09, ueBoN7
+ 01 1a(SBx+S,By) —gnunBol 2
—grug(e®’N,B, +e”’N_B.)

DISCUSSION AND CONCLUSIONS

The main goal of the present work was the determination
of the spin—orbit coupling constai, for FO in its ground
2I1 state. This parameter has been determined with great
H., is the spin—orbit operator including the centrifugal accuracy and the fit as a whole shows a marked improvement
distortion correctionH , is the rotational operator artdl.qis  in the precision of most of the other parameters. The two
the rotational centrifugal distortion contributioH,  is the  exceptions are the rotational and centrifugal distortion con-

+g/ug(e ?¢S,B, +e??S_B_). (12)
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v By 0-C vl 9By
F Mg M, M; p (MHz) (mT) (MHz)  (MHz/mT)  wt
P(Z%) 2 2 1/2 512 - 5764826.7 1778.74 -0.9 —-10.9 1.0
2 1 —-1/2 512 - 1807.11 -0.0 —10.9 1.0
1 1 -1/2 512 - 1831.51 -0.0 -10.9 1.0
1 1 -1/2 512 + 1839.71 8.7 —10.9 0.1
2 2 1/2 52 + 1880.46 —0.6 —-10.9 1.0
P(l%) 0 0 -1/2 3/2 — 5823660.9 1489.17 -2.0 -15.1 1.0
1 1 1/2 32 + 1501.60 -2.3 —-15.0 1.0
0 0 -1/2 32 + 1528.97 1.5 —15.0 1.0
1 1 1/2 32 - 154584 —-0.2 -15.0 1.1
1 0 -1/2 32 - 1571.73 -0.3 —-14.9 1.0
Q(l%) 2 2 1/2 172 - 5921 366.7 1295.46 3.7 -—-154 1.0
2 1 -1/2 32 - 1321.56 —2.1 —15.4 1.0
1 1 -1/2 32 1339.43 32 —154 1.0
1 1 -1/2 32 + 1346.74 —0.1 —-15.4 1.0
2 2 1/2 32 + 1369.56 —-0.9 —-15.4 1.0
2 1 -1/2 32 + 1400.17 2.2 —-15.3 1.0
2 1 1/2 32 - 1301.42 3.6 —-15.4 1.0
1 1 1/2 32 - 1318.74 —-0.6 —15.4 1.0
1 1 1/2 32 + 1326.25 —-24 —15.4 1.0
2 0 -1/2 32 - 1328.14 -2.1 -15.3 1.0
1 0 -1/2 32 1348.31 36 —153 1.0
1 0 —-1/2 32 + 1360.90 -0.5 —15.3 1.0
2 1 1/2 32 + 1379.70 -1.1 —-15.3 1.0
2 0 —-1/2 32 + 1408.18 —41.9 —15.2 0.0
Q(Z%) 3 3 1/2 52 4+ 5921366.7 1908.66 —1.6 -10.9 1.0
3 2 —-1/2 512 + 1940.85 —-0.2 —-10.9 1.0
2 2 -1/2 512 + 1968.26 7.6 —-10.9 0.1
2 2 —-1/2 512 - 2017.10 9.8 —10.9 0.1
3 3 1/2 52 - 2051.37 189 -109 0.0
3 2 -1/2 52 - 2091.93 305 -10.8 0.0
3 2 1/2 52 + 1924.56 1.7 -109 1.0
2 2 1/2 512 + 1951.24 -0.0 —10.9 1.0
3 1 —-1/2 512 + 1958.09 —-0.2 —-10.8 1.0
2 1 -1/2 512 + 1990.43 8.0 —-10.7 0.1
2 1 —-1/2 512 — 2046.38 17.3 —-10.8 0.0
3 2 1/2 52 - 2075.70 256 —10.8 0.0
Q(ll%) 12 12 -1/2 -23/2 + 5999028.8 1202.87 1.8 7.0 1.0
11 -11 12 -23/2 + 1259.35 -04 7.0 1.0
12 -11 -1/2 -=-21/2 + 1315.06 —-0.3 6.4 1.0
11  -10 12 -212 + 1379.02 10.2 6.4 1.0
12 -10 -1/2 -19/2 + 1449.60 1.3 5.8 1.0
12 -9 1/2 -19/2 + 1460.84 —4.8 5.7 1.0
11 -9 12 —-19/2 + 152757 -04 5.8 1.0
12 -9 -1/2 =172 + 1615.16 1.1 5.2 1.0
12 -8 -1/2 -15/2 + 1819.88 16.4 4.6 0.0
Q(lZ% 12 -12 1/2 -25/2 - 5999 028.8 76.05 0.3 6.8 1.0
12 -11 12 -23/2 - 82.72 14 6.2 1.0
12 -10 1/2 =212 - 91.19 -0.2 5.7 1.0
12 -9 12 -19/2 - 101.14 0.0 5.1 1.0
12 -8 12 —-17/12 - 113.47 0.5 4.6 1.0
12 -7 1/2 -15/2 - 129.21 1.8 4.0 1.0
12 —6 1/2 -13/2 - 151.01 -—-1.8 35 1.0
12 -5 12 -11/2 - 17955 —-0.2 2.9 1.0
12 -4 1/2 -9/2 221.75 0.6 2.4 1.0
12 -12 1/2 -25/2 + 801.68 3.9 6.9 1.0
12 -11 12 -23/2 + 872.30 2.4 6.3 1.0
13 -13 -1/2 -25/2 + 886.49 2.5 6.9 1.0
12 -10 12 =212 + 956.49 0.3 5.8 1.0
13 -12 -1/2 -23/2 + 96255 0.2 6.3 1.0
13 -11 -1/2 -=-21/2 + 1052.16 1.1 5.8 1.0
12 -9 1/2 -19/2 + 1057.70 1.8 5.2 1.0
13 -10 -1/2 -19/2 + 1160.24 2.5 5.3 1.0
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TABLE Il. (Continued)

2 By 0-C vl 9By
F Mg —« M, M, p (MHz) mT)  (MHz) (MHzZImT) wt
12 -8 12 -17/2 + 1182.77 2.6 4.7 1.0
13 -9 -1/2 1712 + 129427 —-1.2 4.7 1.0
12 -7 1/2 -15/2 + 1341.81 0.0 4.1 1.0
13 -8 -1/2 -15/2 + 1460.84 4.5 4.2 1.0
Q(13%) 14 14 1/2 27/2 — 5999028.8 34458 -0.8 -6.7 1.0
14 13 -1/2 2712 — 363.21 -0.2 —6.6 1.0
14 13 1/2 252 — 37329 -—15 —6.3 1.0
14 12 -1/2 252 - 39133 -17 -6.1 1.0
14 12 1/2 232 - 406.33 -2.8 -5.8 1.0
14 11 -1/2 2312 - 425.02 -11 —5.6 1.0
13 13 —12 212 - 43028 -25  —67 1.0
13 13 1/2 252 — 445.45 5.8 —6.4 1.0
14 11 12 212 - 44545 -37  -53 1.0
13 12 ~12 2512 - 464.82 11 -6.2 1.0
14 10 -1/2 212 — 464.82 —-3.2 -5.1 1.0
13 12 12 232 - 48347 -2.8  -59 1.0
14 10 1/2 19/2 - 493.09 -24 —4.8 1.0
13 11 12 232 - 50470 -05 -57 1.0
14 9 12 192 - 51434 -02  -46 1.0
13 11 1/2 21/2 - 530.20 -25 -5.4 1.0
14 9 12 172 - 55267 28 -43 10
13 10 -1/2 212 — 552.67 —0.9 -5.2 1.0
14 8 -2 172 - 57527 06 -41 1.0
13 10 12 192 - 58677 -15  -48 1.0
13 9 12 192 - 61099 -16 —-47 1.0
13 13 12 212+ 121735 11 -67 10
14 14 12 272 + 127529 -16  -67 10
13 12 —12 252 + 131506 -21  -62 1.0
14 13 1/2 25/2 + 137855 —0.2 -6.2 1.0
13 11 —12 232 + 143123 07 -56 1.0
14 12 12 232 + 149958 -06  -57 1.0
13 10 -1/2 212 + 1569.16 —1.4 -51 1.0
14 11 12 212 + 164386 -14  -52 10
13 9 -1/2 19/2  + 173759 -0.8 -4.6 1.0
Q(14%) 15 15 1/2 29/2 + 5999028.8 167497 -0.1 —-6.7 1.0
15 14 -1/2 29/2  + 1709.27 -23.2 -6.5 0.0
14 14 12 202 + 176383 03 -66 1.0
15 14 12 272 + 179981 01  -62 1.0
Q(lS%) 16 -—16 -1/2 -31/2 + 6032811.3 810.90 2.9 7.2 1.0
15 -15 1/2 -31/2 + 863.66 3.1 7.2 1.0
16 -—14 1/2 -29/2 + 865.51 —1.8 6.6 1.0
15 -14 12 -29/2 + 92437 -0.7 6.8 1.0
16 -—14 =12 -=2712 + 928.42 11 6.3 1.0
15 -13 12 -272 + 993.28 0.6 6.3 1.0
16 —13 -1/2 -25/2 + 1000.87 0.5 5.9 1.0
15 -12 1/2 =252 + 1073.72 —-1.0 5.8 1.0
16 -12 -1/2 -23/2 + 1085.70 -—1.0 54 1.0
15 -11 12 -23/2 + 1167.48 1.1 5.4 1.0
16 -11 =12 =212 + 1185.35 1.4 5.0 1.0
15 -15 12 -312 - 1718.98 3.2 7.3 1.0
16 -16 -1/2 =312 - 1798.69 —1.4 7.3 1.0
15 -14 1/2 —-292 - 1836.54 —0.1 6.8 1.0
16 -—15 -1/2 -29/2 - 1920.37 —4.3 6.9 1.0
15 -13 12 -2712 - 197259 57 6.4 1.0
16 -—14 =12 -2712 - 2060.53 —13.8 6.4 0.0
Q(lG%) 16 16 -1/2 332 - 60328113 60955 -0.8 -7.1 1.0
16 16 1/2 312 - 626.29 0.3 —-6.9 1.0
16 15 -1/2 312 - 64858 -—15 -6.7 1.0
17 17 1/2 332 - 662.77 —25 -7.1 1.0
16 15 1/2 29/2 - 669.42 —-34 -6.4 1.0
16 14 -1/2 29/2 - 693.86 2.0 -6.3 1.0
17 16 1/2 312 - 706.80 15 -6.7 1.0
16 13 -1/2 2712 — 745.23 0.9 —-5.8 1.0
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TABLE Il. (Continued)

Tamassia, Brown, and Evenson

2 By 0-C vl 9By
F oM. M, M, p (MHz) mT)  (MHz) (MHzZImT) wt
17 15 1/2 2912 - 756.03 0.5 —6.3 1.0
16 12 -1/2 2512 — 805.15 0.4 -54 1.0
16 11 -1/2 2312 - 876.15 1.8 —4.9 1.0
17 13 1/2 25/2 - 878.95 3.7 -5.4 1.0
17 12 1/2 232 - 955.30 -0.5 -5.0 1.0
16 10 -1/2 212 - 960.10 -1.1 —4.5 1.0
17 11 1/2 212 - 1047.05 -1.2 —-4.5 1.0
16 9 -1/2 19/2 - 1062.83 —1.8 —-4.0 1.0
17 10 1/2 19/2 - 1158.74 -0.2 —-4.1 1.0
16 -16 12 -332 + 29331 05 72 10
16 -15 1/2 -312 + 31255 -05 6.8 1.0
16 -14 12 292 + 33415 15 63 10
16 13 12 272 + 35929 17 59 10
17 -17 -1/2 -33/2 + 374.34 14 7.2 1.0
16 —12 12 -2502 + 38848 20 54 10
17 -16 -1/2 =312 + 397.93 2.0 6.8 1.0
17 -15 ~1/2 2912 + 42452 38 64 10
17 -14 —12 212+ 45551 25 59 1.0
16 -10 12 -112 + 46375 2.3 46 10
17 -13 ~12 -2512 + 49154 02 55 1.0
16 -9 12 -192 + 51353 17 41 10
17 -12 —12 -232 + 533.08 1.0 51 10
16 -8 12 -172  + 57501 14 37 10
17 -1 —12 212 + 58256 0.9 46 10
17 -10 -1/2 -19/2 + 641.78 2.6 4.2 1.0
Q(l7%) 18 18 1/2 352 - 6032811.3 1122.30 19 -71 1.0
18 17 12 332 - 1190.75 14  -67 1.0
17 17 -2 352 - 120442 00 -71 10
18 16 12 312 - 126772 -13  -63 1.0
17 16 -2 332 - 127889 27  -67 1.0
18 15 12 292 - 1356.06 03 -59 1.0
17 15 -1/2 312 - 1362.49 0.5 -6.3 1.0
18 18 -12 -352 + 60619148 175214 —05 77 10
17 -17 12 352 + 1801.61 —0.6 77 10
18 -17 ~12 332 + 1855.28 1.7 72 10
17 -16 12 332 + 1911.05 -1.6 72 10
18 -16 ~12 332 + 197143 4.4 68 10
Q(lS% 19 -19 -1/2 -39/2 - 6061914.8 187.80 —0.9 7.6 1.0
19 -18 -1/2 -3572 - 198.06 0.7 7.2 1.0
19 -17 -1/2 -33/2 - 209.73 11 6.8 1.0
19 -16 -1/2 =312 - 222.81 1.9 6.4 1.0
18 —18 1/2 -39/12 - 236.68 —0.9 7.6 1.0
19 -15 -1/2 -29/2 - 236.68 8.5 6.0 0.1
18 —17 1/2 -3512 - 250.22 0.8 7.2 1.0
19 -14 -1/2 -27/2 - 255.23 0.2 5.6 1.0
18 -16 1/2 -33/2 - 265.56 15 6.7 1.0
19 -13 -1/2 -25/2 - 27534 -1.2 5.2 1.0
18 -—15 1/2 -31/2 - 283.25 0.1 6.3 1.0
19 -12 -1/2 -23/2 - 298.39 -04 4.8 1.0
18 -14 12 -29/2 - 303.08 0.6 5.9 1.0
18 -—13 12 =272 325.72 2.1 55 1.0
18 -12 12 -25/2 - 352.30 2.2 5.1 1.0
18 -—18 12 -3712 + 1193.59 0.1 7.7 1.0
18 —17 1/2 -35/2 + 1261.52 1.7 7.2 1.0
19 -19 =12 =392 + 1270.12 2.1 7.7 1.0
18 -—16 1/2 =332 + 1338.14 -0.3 6.8 1.0
19 -18 =12 =372 + 1341.41 0.8 7.3 1.0
19 -17 -1/2 -3312 + 142110 -0.1 6.9 1.0
18 -15 12 -31/2 + 142426 -0.6 6.4 1.0
19 -16 -1/2 =332 + 1511.31 —-44 6.5 1.0
18 -—14 172 =292 + 1521.91 0.1 6.0 1.0
19 -15 -1/2 -29/2 + 1612.11 0.4 6.1 1.0
18 —13 12 -2712 + 1634.15 -1.4 5.6 1.0
19 -14 =12 =272 + 1728.14 0.9 5.7 1.0
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TABLE Il. (Continued)

2 By 0-C vl 9By
F Mg —« M, M, p (MHz) mT)  (MHz) (MHzZImT) wt
18 —12 12 2502 + 176325 0.7 52 1.0
19 -13 -1/2 -25/2 + 1862.28 0.2 5.3 1.0
18 -11 12 232 + 1914.85 0.2 48 10
Q(lQ%) 20 20 1/2 392 - 6061914.8 309.61 -3.0 —-7.6 1.0
20 19 -1/2 392 - 325.72 —18.0 -7.3 0.0
20 19 1/2 372 - 328.28 30.7 -7.4 0.0
20 18 -1/2 372 — 341.22 0.1 —-7.0 1.0
20 18 1/2 35/2 - 347.45 -0.2 -6.9 1.0
20 17 -1/2 352 - 360.55 0.8 —6.6 1.0
20 17 1/2 332 - 36891 0.1 —-6.5 1.0
20 16 -1/2 332 - 382.74 4.0 -6.3 1.0
19 19 -1/2 392 - 386.61 —25 —-7.6 1.0
20 16 1/2 312 - 39231 -44 -6.1 1.0
19 19 1/2 372 — 39231 0.8 7.4 1.0
20 15 -1/2 312 - 407.15 2.8 -5.9 1.0
19 18 -1/2 372 - 407.15 23 —-7.2 1.0
19 18 1/2 352 - 41490 —-35 —-7.0 1.0
20 15 1/2 29/2 - 420.80 2.3 —-5.7 1.0
19 17 -1/2 352 - 430.09 —-3.0 —6.8 1.0
20 14 -1/2 29/2 - 43472 -0.1 -55 1.0
19 19 -1/2 392 + 1384.91 0.2 —-7.5 1.0
20 20 1/2 39/2 + 1434.02 -1.2 -7.5 1.0
19 18 -1/2 372 + 1460.83 0.9 -7.1 1.0
20 19 1/2 372 + 1512.73 —-0.0 -7.1 1.0
19 17 -1/2 3512 + 1545.44 0.1 —-6.7 1.0
19 16 -1/2 332 + 1640.69 —-0.3 —-6.3 1.0
20 17 1/2 33/2 + 1698.87 —0.1 -6.3 1.0
19 15 -1/2 312 + 1748.60 -0.9 -5.9 1.0
20 16 1/2 312 + 1810.30 -0.2 -5.9 1.0
19 14 -1/2 292 + 1872.13 -04 —-55 1.0
20 15 1/2 2912 + 193750 -04 —-55 1.0
Q(ZO%) 21 21 1/2 41/2 + 6061914.8 1941.29 -0.8 -7.5 1.0
R(Z%) 4 4 1/2 512 - 6153 279.0 992.23 -0.1 —-11.9 1.0
4 3 —12 52 — 1021.04 -13 -118 1.0
3 3 -1/2 52 - 1049.00 —3.7 —-11.9 1.0
3 3 -1/2 5/2 + 113792 -75 -11.9 0.1
4 4 1/2 512 + 116458 —5.3 —-11.9 1.0
4 3 1/2 32 - 1619.03 35 -7.6 1.0
4 2 -1/2 32 - 1656.23 0.6 -7.5 1.0
3 3 1/2 32 - 1659.37 0.2 -7.6 1.0
3 2 -1/2 32 - 1702.18 -1.1 =75 1.0
3 2 -1/2 32 + 1838.23 7.7 —-7.6 0.1
4 3 1/2 32 + 1886.63 —8.0 -7.6 0.1
R(4%) 6 5 1/2 9/2 — 62902223 77939 -11 -8.6 1.0
6 4 -1/2 92 - 808.68 —3.2 -84 1.0
5 4 -1/2 92 - 85426 —15 -85 1.0
6 4 1/2 72— 1000.02 -0.6 -6.7 1.0
6 3 -1/2 772 - 1033.72 2.7 —6.6 1.0
5 4 1/2 772 - 1055.61 -—-1.2 -6.8 1.0
5 4 -1/2 92 + 108558 —-1.2 —8.5 1.0
5 3 -1/2 72 - 1092.89 -1.8 —6.6 1.0
6 5 1/2 92 + 1126.59 1.6 —-8.5 1.0
5 3 -1/2 7712+ 138742 —-1.0 —6.6 1.0
6 3 1/2 5/2 - 1387.42 0.0 -4.9 1.0
6 4 1/2 772+ 1441.53 0.2 —6.7 1.0
6 2 -1/2 5/2 - 1432.74 -0.6 -4.8 1.0
5 3 1/2 52 - 1465.07 -1.3 —4.9 1.0
6 3 -1/2 712+ 1485.11 -0.2 -6.5 1.0
5 2 -1/2 512 - 1517.31 -0.0 —4.8 1.0
5 2 -1/2 512 + 191891 -0.5 —-49 1.0
6 3 1/2 5/2 + 1991.95 2.8 -4.9 1.0
6 6 1/2 92 - 768.28 —1.2 —8.7 1.0
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TABLE Il. (Continued)

I Bg o-C vl dBgy
F Mg < M, M; p (MHz) (mT) (MHz) (MHz/mT) wt
6 5 -1/2 92 - 797.13 -1.9 -85 1.0
5 5 -1/2 92 - 840.46 0.2 —8.6 1.0
6 5 12 712 - 981.96 —-0.8 —-6.8 1.0
6 4 -1/2 712 — 1015.14 0.3 —-6.7 1.0
5 5 1/2 712 - 1034.24 0.1 —-6.9 1.0
5 5 -1/2 92 + 1066.23 0.5 —8.6 1.0
5 4 -1/2 712 — 1070.53 0.9 —6.8 1.0
6 6 12 92 + 1108.19 -0.7 —8.6 1.0
6 5 —-1/2 9/2 + 1142.79 1.2 -8.5 1.0
5 5 12 712 + 1313.29 0.4 -7.0 1.0
5 4 -1/2 72+ 1356.19 1.7 —-6.8 1.0
6 4 1/2 512 - 1354.08 3.1 -5.0 1.0
6 3 -1/2 52 - 1396.86 0.3 -4.9 1.0
6 5 1/2 72+ 141198 -0.0 —-6.8 1.0
5 4 1/2 52 - 142455 -0.9 =51 1.0
6 4 -1/2 712+ 1454.28 1.7 -6.7 1.0
5 3 -1/2 52 - 1473.89 —-1.2 -4.9 1.0
5 4 1/2 512 + 1798.48 —1.2 -5.2 1.0
5 3 -1/2 512 + 1859.66 —-0.9 -5.0 1.0
6 4 1/2 512 + 1936.67 2.1 -5.1 1.0
6 3 —-1/2 52 + 1997.68 6.9 —-4.9 0.1
R(7%) 9 9 1/2 15/2 + 64939115 695.29 —0.3 -7.0 1.0
8 8 -1/2 15/2 + 780.13 0.4 —-7.0 1.0
9 8 1/2 13/2 + 800.33 -—-1.7 —-6.1 1.0
8 7 -1/2 13/2 + 896.64 0.5 -6.1 1.0
9 7 1/2 112 + 942.44 0.3 —5.2 1.0
9 6 -1/2 11/2 + 976.75 —-0.7 —-5.1 1.0
8 6 -1/2 112 + 1054.80 0.3 —5.2 1.0
9 6 1/2 9/2 + 1143.76 —0.2 —-4.3 1.0
9 5 -1/2 9/2 + 1186.25 1.4 —4.2 1.0
8 6 1/2 92 + 1234.53 1.3 —4.4 1.0
8 8 -1/2 15/2 - 1242.78 1.4 -7.0 1.0
8 5 -1/2 92 + 1282.22 2.1 —4.2 1.0
9 9 1/2 1512 - 1298.19 1.7 -7.0 1.0
8 7 -1/2 132 - 1428.20 0.7 -6.1 1.0
9 8 1/2 13/2 - 1492.57 1.3 -6.1 1.0
9 4 -1/2 72+ 1509.75 0.6 -3.3 1.0
8 6 -1/2 112 - 1679.09 -0.1 -5.2 1.0
9 7 12 1172 - 1754.51 0.5 —-5.2 1.0

stantsB, andD,, which are better determined in the Fourier determinable for atomic F in th&P5, state ands), is equal
transform investigatiof,possibly because more highines  to a+(1/2)(b+c). If the overlap integral is includetf, c2
were included. The determination of the full set of magneticandcé turn out to be 0.226 and 0.844, respectively, #ds
hyperfine parameters arises from the detection of resolveti88 cni?, which is close to the experimental value. If the
hyperfine structures involving both spin states and botttalculation is repeated with different methogsich as esti-
lambda doublets. All these parameters have been fitted in theating ¢ from atomic and molecular values for tide= 3
present analysis and are shown in Table Ill. The zero-fieldind Q1 =3 components |A| varies between 176 and 206
transitions predicted using the final parameters of Table llcm 2.
are given in Table IV. The lambda-doubling parameters have been reliably de-

The magnitudeA| of the spin—orbit interaction term can termined; however, the set of data is not extended enough to
be estimated from the atomic spin—orbit constaitandé,  allow the determination of the centrifugal distortion correc-
according to the equation tion, which has been constrained to the literature value.

_ 2 2 The magnetic hyperfine constants are related to the elec-

|Al=crl&el +col ol (13 tronic Wavegfunction%O and provide useful information on
once the expansion coefficients of the atomic orbitals ar¢he distribution of the unpaired electi@hin the molecule.
known. Where possible, the coefficierit is evaluated from The hyperfine parameter is related to the orbital distribu-
the hyperfine structure parameters. Although several methtion (r ~3),, wherer is the distance between the unpaired
ods have been used in previous wotR® we think that the  electron and the F nucleus; the Fermi contact paranbetes
most reliable procedure is based on the relationstfip a measure of the spin density at the nuclg#$0)|?; ¢ and
=2h3,/ Ay, WhereAg, is the magnetic hyperfine parameter d are associated to the angular spin distributi¢(3 co$ 6
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TABLE lIl. Molecular parameters obtained for FO in tRH state. TABLE IV. Predicted fine-structure transitions of FO in zero magnetic field.
Parametér This work Previous works v v
Transition (MHz) p (MHz) p
By 31539.81994) 31 539.45083)°
Dg 0.129 7944) 0.128 93%33)° P(lO%) 53177825 + 5313496.8 -
\/ —
10'H, 0.3¢ P(9) 53702463  + 53741034 -
Aglemt —196.108 68660 —193.2897)° p(g%) 5431083.1 + 5427 654.6 -
Ap 12.05210) 16.816)° P(7d) 54857216  + 54887215 -
p+2q 428.10461) 438.718)"° P(G%) 5547018.2 + 5544 447.0 -
10°(po +20p) —0.45 —0.45120° P(5%) 5603 829.9 + 5605 972.3 -
g —1.525394) —2.r 1 56655830  + 56638692  —
P(43) : :
a 779.416) 696(18)¢ P(3d) 5724563.5 + 5725848.7 -
b 406.320) P2d) 5786 767.6 + 5785911.0 -
b+c 196122 : 58479096  + 58483379 -
d 977.7946) P(13) . .
gL 0.999 3414) Q(lé) 5943 652.0 + 5942796.2 -
9s 2.0011122) Q2 5944193.1 + 5945475.9 -
10'g, 0.112 7128) Q3 59479422  + 59462335 -
10%g, -0.9317) 2
10°g! 0.47769) Q(ad) 5948916.4 + 5951049.5 -
10%(g/ —g;) 0.688 637) Q5% 5954 796.2 + 5952 240.4 -
On 5.25773 Q6 5956 203.9 + 5959180.1 -
of 1.9 Q7h 5964 198.9 + 5960 804.8 -
No. of trans. 290 Q(S%) 5966 040.8 + 5969 850.0 -
1 _
&/alues in MHz where appropriate. The numbers in parentheses represent Q(93) 5976130.2 * 5971909.3
one standard deviation of the least-squares fit, in units of the last quoted Q(lO%) 5978407.1 + 5983 036.3 -
decimal place. Parameters with no standard deviation are held fixed in the
present analysis. R(l%) 6101077.5 + 6102 361.2 -
*Reference 4. R(2Y) 6167571.8  + 6165860.7 -
‘Reference 3. i
YReference 1. This is a value fdry,=a+1/2(b+c). Our value for this R(33) 62312756 + 62334138 B
parameter is 681(49) MHz. R(4%) 6299 882.6 + 6297 317.5 -
‘Calculated value. . _ R(5) 6363 981.8 + 6366 973.5 -
o is the overall standard deviation of the fit. 2
R(G%) 6434681.1 + 6431 263.4 -
R(7Y) 6499 156.6 + 6503 000.2 -
R(S%) 6571924.8 + 6567 655.8 -
—1)Ir3) and((sir? 6)/r3), respectively, wherd is the angle R(oY) 6636 754.9 N 6641 448.8 _
between the vector and the internuclear axis. The above- R(103) 6711 565.7 4 6706 447.3 _

mentioned expectation values for FO, &mnd the F atofit
are given in Table V.

The spin averagér ~3)¢ can be calculated frord+c/3
by giving { 7r|sir? g|7) a value of 4/5 and|3 cog 6—1|7) a , L, )
value of —2/5, which are correct for atomig,, orbitals and [The calculated values fog, (0.484<10°%) and g
good approximations for moleculat orbitals. The ratios ~9r (0.6787<10°%) are i excellent agreement with the
(r=3)5:((3 co - 1)) ((sir? )/rd)s, expected to be 1: observed va}lues 0.4%710 " and 0.688& 10 ~.

—0.4: 0.8 for ap,, atomic orbital are 1=0.52: 0.84 for FO _The orbitalg factorg, can be expressed as a sum of a
and 1:—0.35: 0.78 for CE* These values, greater than the M&in term (1.0) plus relativistic (89re)ay), orbit—orbit

i i At 0,24
corresponding atomic ratios, suggest that the unpaired ele&{99om'a), a@nd nonadiabaticg, ) contributions'®** The
tron in FO is in an orbital which is slightly polarized from a electron sping factor corrected for quantum electrodynamic
purep orbital. and relativistic effects iggg=2.002 32({5g,e)ay). The

A full set of g factors, shown in Table I, has been relativistic correction can therefore be estimated from the

; ; — 4
determined in the present wofkee Refs. 16 and 23 for a €XPerimental value fogs and is —6.0x10 “ for FO. As-
detailed description of the Zeeman parameteEstimates of ~SUMiNg that the orbit—orbit and nonadiabatic contributions

some of theg factors can be obtained from the relationships®'® Negligible compared with the relativistic tetfhg, can
be calculated using the relationshig, = 1.0+( 50 e)ay

g;=—v/2B, (149 =1.0-6.0<10"*=0.9994, which is in excellent agreement
with the experimental value 0.999 @4)). The nonadiabatic

9i =p/2B, (15) contribution can also be estimated from the relationship

0, =—q/B, (16) Ag_=q/2B. The calculated value of 2410~ confirms
that the contribution5g,e) sy is dominant. This relativistic

9/ —9r=(p+2q)/2B. (17 contribution can be calculated from the corresponding

Downloaded 18 Sep 2001 to 132.163.136.56. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



7284 J. Chem. Phys., Vol. 110, No. 15, 15 April 1999 Tamassia, Brown, and Evenson

TABLE V. Hyperfine structure parametefisa MHz) and expectation values The constraint of the paramet&f, or y to zero in the fit
o ) . 2 T g HIE g )
of distribution functlon_s over the electronic wave function m™°) of ~F has the effect of mod|fy|ng several parameters in the Hamil-
for FO, CF, and atomic fluorine. . , .
tonian. If we apply Brown and Watson’s unitary transforma-
Parameter FO CcP =3 tion to the Zeeman Hamiltonian, we can show that the pa-
rameterg, is one which is affected and so becomes an

a 779.416) 705.9414)

b 205.515) 151.1949) effective parameteg, where
c —602.430) —351.614)
d 977.7946) 792.19%98) ~ Y
103 3), 10.485 9.502 4.96 G=0~ (a—zp) (9L 99 (22)
10 2%¥(0)2 3.2997 2.429 4.84
1073%(3 cog —1)/r%), —5.4027 —3.151 T ined
1073(ir? ). 8.7691 7100 if yis constrained to zero or
1073 ~3) 10.452 9.075 5.49 A
~ D
This work. glzgl_ﬁ(gf"gs)a (22)

PReference 21.
‘Reference 22. . . ) ) )
dDerived parameter. if Ap is constrained to zero. Thus the value determined in the

fit, §,, will differ from the valueg, according to whichever
of these two two equations applies. If we accept the correct-

) Y ) ness of Curl’s relationship, E¢14), and substitute fog, in
atomic values for F and O7* which are, respectivelyr 1.8 Eq (21), we can rearrange the result to give an expression

and—1.3x10 “. Itis given by for v in terms of experimentally determinable parameters:
<5grel>av,FO: C|2;< 5grel>av,F+ Cé( 5grel>av,01 (18) ZB(A— ZB)Q
|
using values for the coefficientg andc? determined from Y= T A= 2B[i- (gt 99T’ (23)

the magnetic hyperfine parameters. The result—4.5

X 10~*, which is remarkably different from the experimental pstitution of values from Table 1l in Eq23) gives a

value of —6.0x 10" “ but consistent with the values calcu- value fory (the true spin—rotation constamf —734.3 MHz,

lated by Vesetf? for other molecules, such as OH, SH, NO, from which we determine that the true value fgy=

NS, and CIO. — /2B is 0.011 64. This latter value is now much closer to
If values forB and'y are known, the parametgr should  the effective value fog, of 0.011 27 than our earlier estimate

be predictable from Curl's relationship, E@L4). Although  pecause the correction term on the right-hand side of Eq.

we know the value foB very precisely, we have not deter- (21) is comparatively small. If this determination of the

mined a value for the spin—rotation paramejem our fit  yalue for y is valid, we can use it to derive a value A,

because it is completely correlated with the paraméier oy, that of the experimentally determined paramdtgrby

Brown and Watsof? have shown that, in a fit of the param- use of Eq(19). In this case, the value fdk is 19.847 MHz,

eters of a’Il Hamiltonian to a set of data, one can either s . -

chose to constrairy to zero and determine a value for the compared WIthAD_lZ'O‘.r’Z MHz. A detailed descrl_ptlor_1 Of.

effective centrifugal distortion correction to the spin—orbit g?&eS?Qt?ﬁ; ;rggzl;o(;ir:atlon of the Zeeman Hamiltonian is

couplingAp , where In this paper we have described the detection of the fine-
~ 2B structure transitiorfIl,,,—2I15, in the FO radical by far-
ADZAD—VM (19 infrared laser magnetic resonance. The spin—orbit constant

_ . Ay, all four magnetic hyperfine parametexs, ¢, d and a
or one can constraiA, to zero and determine a value for an fy|| set of g factors have been determined for the first time.

effective spin—rotation parametgt where The recorded data form the most accurate measurements on
(A—2B) FO to date. Given sufficient sensitivity, it should be possible
= y—ADT. (20) to detect magnetic dipole, pure rotational transitions in the

microwave region. The predicted frequencies are given in
We can estimate the value ferby using Eq.(20) and sub- Table VI. We intend to make these observations in the near
stituting the values oA (strictly Ap), A andB from Table  future.
[ll. This is actually a value fofy but, if Ap happened to be
very small, it would be close to the true value farSubsti-
tution of this value in Eq.(14) gives a value forg, of  AcKNOWLEDGMENTS
—0.018, which is very different from the experimental value
of 0.011 27. Similar behavior is shown for the energy levels  This work supported in part by NASA Contract No.
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2TSBF_:‘ZLSI‘EPi\r/]I.Stz:s‘dicted magnetic dipole rotational transitions of FO in the (i) _iMBBof){gs[‘DU(Jx_Sx) +¢)Zy(‘]y_ Sy)]

) (91 +9) (P dyt Pzydy)}L,S,, (Ad)
Y F - J F P (MHz) (i) TusBob(gstgr) Pzl (I-S=J,S), (A5)
5/2 3 32 2 + 156 827.1 . .
5/2 3 3/2 2 _ 156 828.1 (lV) _|MBBoe(gS+gI+gr)q)Zsz(82_S§)a (AG)
5/2 2 32 1 + 157 019.5 .
5/2 2 3/2 1 — 157 020.1 (V) I/—LBBoagr(q)ZxSx—i_CI)ZySy)I—z\]zv (A7)
712 4 5/2 3 N 219598.4 where®; is a direction cosine. Term$) and (iii) are con-
7/2 4 5/2 3 _ 219595.8 tributions tog, and give rise only to matrix elements off-
712 3 5/2 2 + 219686.7 diagonal inQ) and 3. The expectation value of terifii) is
712 3 5/2 2 - 219684.7 zero when calculated over the Hermitian average. T@vin
9/2 5 7/2 4 i 282339.4 is a contribution tay_ and term(v) is not considered because
9/2 5 712 4 - 282345.0 itis negligible. For A state, the matrix elements of tefim
9/2 4 712 3 + 282390.9 diagonal inJ andM ; and off-diagonal in() are of the form
9/2 4 712 3 - 282 395.3
11/2 6 9/2 5 345073.6 i ugBo6g A%M [W-O)+0+ DI (A8)

+ : I wgBotgL J ,
11/2 6 912 5 - 345063.6 2J(J+1)
1172 5 9/2 4 + 345105.6 ; :
112 s 9/2 4 - 345 097 2 where the corresponding matrix elements of téiim are
— 1/2
13/2 7 11/2 6 + 4077681 | 115Bo0gSAZM (- +0+1)] (A9)
13/2 7 11/2 6 - 4077845 ABPovdsA My 2J(J+1)
13/2 6 11/2 5 + 407 791.8 . o .
13/2 6 11/2 5 _ 407 806.0 Brown and Watson show&¥that, if Ap is fitted andy is
1512 o 1312 ; 470 476.0 constrained to zero, the transformation parameétrould be
15/ 8 13/ 2 f 470450.9 set equal toy/[ (A—2B)A?]. Substituting these matrix ele-
15/2 7 13/2 6 n 470490.8 ments in Eq(A1), we obtain the effective values fgf and
15/2 7 13/2 6 - 470 468.8 O,
B=0— ——(g.+3e) (A10)
g1=9 (A_ZB) gLT0s),

APPENDIX: TRANSFORMATION OF THE ZEEMAN _ y
AND MAGNETIC HYPERFINE STRUCTURE 9=0ut 3 a—2Byaz(9st ot A (A11)
HAMILTONIANS

The same transformation also modifies the nuclear hy-

In a previous papet, Brown and Watson transformed perfine Hamiltonian. The untransformed hyperfine Hamil-
the spin—orbit Hamiltonian and demonstrated th@ndAp  tonian is given by

are totally correlated for a molecule in2al state. In this

section, we will apply the same contact transformation to the Hits=al L+ b(LSH1,S) +(b+o)l.S,

Zeeman and magnetic hyperfine structure Hamiltonians. +id(e ¢ ,S, +e4¢ _S). (A12)
Generally speaking, the procedure consists of calculatin

an effective HamiltonianH from an original operatoH

through a unitary transformation of the form

‘c'i'he first term does not contribute to the transformed Hamil-
tonian because it commutes with The second and fourth
terms have zero matrix elements when the Hermitian average
A=eVHe V=H+i[UH]+ -, (A1) is taken. The third term is the only one which .needs to be
calculated. The evaluation of the commutator gives

whereU is a suitable operator. The appropriate choicelfor U.(b+0o)l —i6(b+¢)(J-S—J.S)L.I A13
is 6{L,(J,S,—J,S)} whered is a parameter which will be [U.(b+e)l,S,]=16(b+e)( 2S:)Lal2 (A13)

defined later. and the matrix elements diagonal dp M;, andM,, and
For the moment let us consider just the Zeeman Hamiloff-diagonal in() are
tonian, which has the form _ [(I-Q)J+Q+ 1)]1/2
i6(b+c)A2 M;M, . (A14)
Hz=0 ueBol z+9supBoSz— 9, usBoNz 2J(J+1)
+018(SBy+SBy), (A2) Substitutingd= y/[ (A— 2B)A?] we obtain
1/2
where the smaller terms, depending@g, g, andg, have — L(bﬂ;) [-)I+0+1)] M, .
not been includefisee Eq(10)]. The calculation of the com- (A—2B) 2J(J+1)
mutator[U,H,] gives five terms: (A15)
The magnetic hyperfine matrix elements off-diagonallin

(i) iugBofg (P2, S+D2,S))LE, (A3)  and diagonal inJ, M;, andM, are
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